Abstract. The kinetics of argon dimer (Ar * 2 ) are studied in detail by model calculations. The model is applicable to discharge as well as e-beam excitation of high-pressure argon gas. The time-transient behaviour of the temperature and the vibration-translational relaxation of the excited state dimer have been considered in the model calculations. The model validity is verified by comparing the model predictions with discharge and e-beam experiments. Excellent agreement has been reached for the e-beam experiments. The predicted discharge voltage and current waveforms are in good agreement with the experiments of Ninomiya and Nakamura. The predicted net gain of 0.002 cm −1 at 3.5 atm is about three times smaller.
Introduction
Laser action was achieved for rare gas dimers, Xe * 2 , Kr * 2 , and Ar * 2 , in 1970s with emission wavelengths in the vacuum ultraviolet (VUV) region [1] [2] [3] [4] [5] . Several properties of these pulsed radiation sources have made them very attractive. First, compared to the F 2 lasers (λ = 158 nm), the only commercial laser system emitting in VUV, rare gas dimer lasers can be continuously tuned in fairly broad spectral regions, while F 2 lasers can be operated only at several discrete spectral lines. In fact, the tunable laser action of rare gas dimers was first demonstrated in 1980 using the Ar * 2 system in a wavelength range between 123.2 and 127.4 nm [6] . Secondly, the dimer lasers can deliver more energetic quanta than those of the rare gas halide lasers, which is more favourable for applications in atomic or molecular photoionization, photodissociation, and photochemical reactions. Thirdly, a fluorescence efficiency as high as 50% can be obtained in these systems [7] [8] [9] . Such efficient VUV light sources could find wide applications ranging from dermatology to photo-lithography. In spite of these attractive characteristics, rare gas dimer lasers have a major drawback. In order to achieve sufficient optical gain for stimulated emission, the gas number density of the dimer systems has to be very high so that electric discharge excitation is difficult. Laser oscillations have been successful only by using relativistic electron beam (e-beam) excitation. These dimer lasers are bulky, costly, and operable at very low repetition rates.
There have been several attempts to realize dischargeexcited rare gas dimer lasers. Sakurai et al [10] designed a small UV-preionized transverse discharge device that provides a stable, arc-free uniform discharge for 50-200 ns in pure Kr at a pressure of 1.5 atm, or in Kr-Ne mixtures up to 10 atm, but the attempt to achieve laser action was not successful. More recently, Ninomiya and Nakamura [11] observed optical amplification at the wavelength of λ = 126 nm for Ar * 2 using a Blumlein discharge excited system at the argon pressure of 3.5 atm. In view of the reported success on discharge Ar
Kinetic model
The model used in this work is a modified version of the one which was developed for the investigation of the fluorescence emissions of Xe The laser model mainly includes five modules: (a) the discharge driving circuit equations; (b) the two-term, quasisteady-state Boltzmann equation for the calculation of the electron energy distribution function (EEDF); (c) the balance equations of the plasma components including excited, charged, neutral species and photons; (d) the photon rate equation; and (e) the energy input balance equation for calculating the temporal evolution of the gas temperature. In order to compare the modelling result with more experimental data, the computation code is modified to simulate e-beam pumped argon plasma. For this purpose, we include high-energy e-beam excitation and ionization equations in the program, and correspondingly, the Boltzmann equation has an additional term for the creation of secondary electrons generated by fast electron sources [17] .
For comparison with the experimental results of Ninomiya and Nakamura [11] , a type of LC-inversion circuit with the capacitance of C = C 1 = 4.25 nF (see figure 1 ) is used to simulate a Blumlein circuit used for the discharge excitation. The values of the inductance (L) and capacitance (C) in the switching and discharge sub-loops: L and R, and L S and R S together with the discharge area S were not given in the experiments. In our modelling effort, the value of L S was determined from the temporal behaviour of the discharge voltage during the pre-breakdown period, while those of L, R, and R S , with w were obtained from the best fit comparison with the output light intensity. Finally we arrived at R = R S = 0.3 , L S = 9 nH, L = 4.5 nH, and S = 4 cm 2 at a gas pressure of P = 3.5 atm. The values of the other parameters, such as the electrode geometry, optics and so on, can be found in [11] .
The Boltzmann equation for the spherically symmetric part of the EEDF, which takes into account the elastic and inelastic collisions, electron-electron collisions, and collisions of electrons with excited plasma particles, was solved numerically by using an integro-interpolation method to construct a three-point conservative finite-difference scheme for the first-order approximation. The resultant system of equations is solved by the sweep method, and this was followed by iteration of the nonlinearity until the convergence conditions are satisfied [17, 18] . The cross sections and rate constants of individual processes have been updated from the literature [11] [12] [13] [14] [15] [16] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Forward rate constants for the reactions involving electrons were arrived at by integrating the cross section areas over the appropriate energy range of the EEDF. Rate constants for the reverse reactions are calculated using the principle of detailed balance (tables 1-3). The species and photon time evolutions are obtained by solving the plasma component balance equations. The number densities of the electron and the excited species are used in solving the EEDF code, while the data for density and mobility of the electrons are for calculating the plasma impedance, which is used in the discharge circuit module.
Argon kinetics considerations
Most of the reactions due to electron-atom, ion-electron collisions and the formations of ion or excited states etc. in high-pressure argon plasma have been reported (e.g. [11] [12] [13] [14] [15] [16] [19] [20] [21] [22] [23] [24] [25] [26] [27] ). The principal kinetic processes between electrons and heavy particles, and the key reactions among the heavy particles are tabulated in tables 1 and 2, respectively.
The important absorption, spontaneous emission and radiation processes used in the code calculation are listed in table 3. All of the rate constants and cross sections are obatined from literature [11] [12] [13] [14] [15] [16] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Generally speaking, argon atoms, such as those in discharge Xe kinetics [28] , are ionized by multi-step processes to provide the electron source. The energy of the electrons is acquired from the applied electric field for the discharge-pumped case.
When using e-beam for pumping, the argon atoms can be also directly ionized by energetic electrons of the e-beam. The electrons decay through two-body or three-body electronion recombination processes (see reactions 18 and 19 in table 1 ). The dimers are formed by three-body collisions of Ar * with 2Ar (see reactions 5 and 6 in table 2). The electronic energy levels of the argon atoms are modelled with two groups of electronic levels: 4s states and 4p states. In this way, the kinetic scheme is simplified considerably, but it is still sufficient for a detailed description of the discharge characteristics [12] . Cross sections of these two effective electron levels are equal to the sum of the cross sections with similar thresholds. All of the kinetic coefficients (the electron drift rate, the ratio of the diffusion coefficient to the mobility, and so on) are chosen to conform to the measured characteristics for unexcited gases. The statistical weights for the first excited level and the second level were chosen to be four and eight, respectively [12] . The cross sections of superelastic collisions were determined from the detailed balance principal. Several salient points, which are dealt with in more detail, are as follows.
V-T relaxation and dimer formation
According to [13] , the dimer formation processes (see reactions 5 and 6 in table 2) lead to high-lying, vibrationallyexcited triplet dimers Ar 2 (3 * , h) and singlet Ar 2 (1 * , h). At 13 in table 1 ). This effect is of minor importance to the dimers at the low vibrational states because of the high electron energy needed for this process [13] . At a low pumping level, these dimers can relax to low vibrational states by collisions with Ar atoms (reactions 9 and 10 in table 2). The population distribution of the vibrational states follows a certain time-dependent vibrational temperature T v . According to [24, 29] , the typical characteristic time of V-T relaxation should be in the order of τ V −T ≈ 0.4-4 ns.
If the characteristic time τ V −T of the V-T relaxation is much less than the pumping time τ exc , the destruction of the dimer states by plasma electrons in the kinetic calculation can be taken into account by dividing the rate constants of the dimer production processes by a function of the plasma ionization f (n e /N Ar ) = 1 + 60 000(n e /N Ar ), where n e and N Ar are, respectively, the number densities of the electrons and argon atoms [13] . Therefore, at high pumping rates where n e is large, the destruction of the dimers is accounted for by the reduced formation rate. This is the case for an argon plasma excited by an e-beam with a pulse duration of τ exc = 20 ns [6, 14] , where we have τ V −T τ exc . However, for electric discharges, as in [11] , the principal pumping time scale is only a few nanoseconds, comparable to the V-T time constant τ V −T . 
Gas heating effects
Based on the time-dependent pump intensity, the temporal evolution of the gas temperature has been calculated. The data is incorporated into the code to describe the temperature influence on some kinetic processes. Typically, the gas temperature rises from 300 K to 440 K at the end of the discharge pulse. For the e-beam case, the temperature rises from 300 K to 315 K, 335 K and 385 K at the end of the 20 ns e-beam pulse for pumping energy densities of 3.86 meV/atom, 7.71 meV/atom and 15.42 meV/atom, respectively.
According to an investigation of the relaxation of low vibrational states of Ar * 2 [24] , only a fraction of Ar 2 (3 * ) and Ar 2 (3 * ) populations reside in the ground vibrational state. A distribution of the vibrational state's population, which can be characterized by a vibrational temperature, is reached due to V-T relaxation. The vibrational temperature T V has been observed to be close to the gas temperature T g . Therefore, the V-T relaxation can be thought to be fast enough for the establishment of a Boltzmann distribution. Considering the total population of all low vibrational states of Ar 2 (3 * ) for V-T relaxation process (see reactions 9 in table 2), the reverse rate constant of this process takes the form of and T V ≈ T g . A similar result to the above may be assumed to also hold true for the singlet state Ar 2 (1 * ). It is seen from these formulae that the reverse rate constants of these processes vary with the gas temperature.
The rate constants for the exothermic three-body association reactions of ions Ar + and Ar + 2 (see reactions 1 and 2) are expected to have a temperature effect that scales as T −1.5 g [30, 31] . The temperature dependence of the rate constant for the three-body association reaction involving Ar + 2 is in good agreement with the measured result at T g = 77 K [21] , but for the case of three-body association reaction with Ar + the measured rate constant is not sensitive to the gas temperature [25] . In our kinetic calculations, our results show a negligible difference for the temporal behaviour of the ions with and without the gas temperature influence in the rate constants of the threebody Ar + association reaction. Therefore, it is sufficient to consider the temperature influence on three-body Ar + 2 association reaction. In this case, the forward and reverse rate constants of the three-body Ar The bandwidth of the second continuum for the dimers Ar * 2 has been observed to increase with the gas temperature for T g 100 K [24] . Here the bandwidth of the second continuum for the dimers Ar * 2 can be approximated as λ ∝ f (T g ), where the functional form of f (T g ) is determined from the experimental data given in [24] . The temperature dependence of the stimulated emission cross section can be written as σ (T g ) = σ 0 /f (T g ).
Absorption at λ = 126 nm
The photoionization of Ar 2 (3 * ) has been considered as the only absorption species in the kinetic code. The cross section of 5.1 × 10 −19 cm 2 for this process has been obtained using temperature T g = 300 K at the wavelength of 126 nm [23] . This value yields good agreement with the observed absorption coefficient in an e-beam pumped argon gas at high gas pressures [23] .
Comparison with discharge-pumped experiments
Model predictions are compared with the measured data reported by Ninomiya and Nakamura [11] . The discharge chamber has four stages of the discharge, each stage consisting of a pair of discharge electrodes, each 10 cm long. All stages are aligned along an optical axis. The discharge in each stage is delayed by a time interval that is equal to the time required for a light signal to travel from the first stage to the stage of interest. The time delay adjustment of each stage is achieved by changing the electrode separation, and thus the electrode gap distances from the first to the fourth stages are 1.7, 2.0, 2.2, 2.4 mm, respectively. The measurements were performed using argon gas at the pressure of 3.5 atm. The gas is excited by a modified, spark gap switched Blumlein circuit with the line capacitance and time duration of, respectively, 4.25 nF and 5 ns.
Electric discharge performances
The equivalent circuit used in the model is shown in figure 1(a) . Using the circuit parameters given in figure 1(a) , and for an argon gas pressure of 3.5 atm, the calculated * 2 in high-pressure pure argon temporal evolutions of the electrical potential difference between points A and B for each stage are shown in figure 1(b) , where the solid curves indicate the measured results in [11] . It is seen that using the parameters of R = R S = 0.3 , L S = 9 nH and L = 4.5 nH, the calculated temporal behaviours of the voltages for each stage are similar to the measured voltages. The calculated gas discharge current and voltage between two electrodes against time are shown in figure 1(c) . After the gas breakdown, the current rises to 16 kA in about 5 ns. The total discharge energy input in the gas is E d = 0.28 J, about two-thirds of which are deposited during the main pulse of the discharge current (≈12 ns).
Emission characteristics of the dimer band in the discharge plasma
The calculated waveforms of Ar * 2 emission at the wavelength of λ ≈ 126 nm from the output windows at the argon pressure of 3.5 atm are shown in figure 2 , where the curves correspond to the result with discharges of only the first stage (a); first and second stages (b); first, second and third stages (c); and all stages from the first to the fourth (d). The curves with solid symbols show the measured results reported in [11] . The time behaviour of the output intensity at λ ≈ 126 nm calculated for four different discharge cases are similar to those of the experiments. A positive net gain at 126 nm can be deduced from this set of results. Figures 3(a) and 3(b) show the calculated number densities of the dimer triplet Ar 2 (3 * ) and singlet Ar 2 (1 * ), respectively, at the pressure of 3.5 atm and with the same discharge conditions as those given in [11] . The time variations for two states are similar, but the number density of the triplet is about one order of magnitude greater than that of the singlet. This is due to the lifetime (≈4.2 ns) of the singlet state that is much shorter than that of the triplet (3.2 µs) . The very high branching ratio for the population of these two states in favour of the triplet [32] [33] [34] also accentuates the triplet population. For a comparison with the above-calculated result for the dimer Ar 2 (1 * ), figure 3(b) shows the temporal behaviour of the sidelight intensity measured at λ ≈ 126 nm in [11] . The calculated absorption coefficient α and net small signal gain (g − α) at the wavelength of λ = 126 nm are given in figure 4 . A net gain of 0.2% cm −1 is obtained from this calculation. It can be seen from figures 2-4 that there are two time periods which have high gain values: one is from the time of 30-40 ns and the other 60-70 ns, which, respectively, correspond to the first and second peaks of the time variation of the fluorescence intensity. As indicated in [11] , the first peak is caused by dimer formation through the neutral process channel and the second is through the ion process channel. In other words, the excited state Ar * and the precursors of the singlet and triplet dimers (see reactions 5 and 6 in table 2), are formed, respectively, by electron collisions with argon atoms Ar and electron recombination with argon ions of Ar + , Ar + 2 and Ar + 3 . We can also see from the figures that the gain monotonically decreases after t ≈ 100 ns due to a persisting high absorption (see figure 4 ) and a weakened discharge excitation (see figure 1(c) ).
Comparison with e-beam experiments
To test the validity of our model, calculations were performed and compared with the more abundant e-beam experimental data [6, 13, 14] . In the experiments reported in [13, 14] , a coaxial e-beam diode driven by a 1 MV voltage pulse of 20 ns duration was used to excite the argon gas. The gas chamber can be filled with argon gas up to 30 atm and the gas temperature can be reduced to 140 K by circulation cooling. In the experiment of Wrobel et al [6] , up to 50 J energy was deposited in 5 cm 3 of argon at a pressure of 60 atm in 20 ns. Using the same conditions of the e-beam-excited plasma reported in [14] , the calculated temporal evolution of the number density of Ar + 3 at a pressure of P = 4 atm with a gas initial temperature of 300 K and an input energy density of 5.2 meV/atom is shown in figure 5 , where the full triangles indicate the measured data by Neeser et al [14] . For comparison, we also show the calculated results (dashed curve) obtained with a fixed temperature in [14] . Clearly, our model shows a better fit with the measurements when the number density of Ar Figure 6 shows the calculated fluorescence energy against the e-beam excitation energy density at the argon pressure of 2 atm (solid curve) and 4 atm (dashed curve), where the open circles (P = 4 atm) and full circles (P = 2 atm) are the experimental data from [14] . The calculated net small signal gains (dotted and full curves) and absorption coefficients (dot-dashed and dashed curves) together with the measured data (open circles [13, 14] , full circles [13] and full squares [6] ), for the temperatures of T = 170 K (dashed curve), and 300 K (full curve), respectively, are plotted in figure 7 . It is seen from figure 7 that the model predictions for the net small signal gain (g − α) are in good agreement with most of the data obtained from different authors under a very wide range of gas pressures and at two different temperatures. The deviation of the calculated curve from measurements at low pressures may arise from some unidentified impurities in the gas used, as pointed out by Neeser et al [14] . The calculated absorption coefficients α shown in figure 7 are nearly the same for two different initial temperatures because when the net gain reaches the maximum the population of Ar 2 (3 * ), the absorber, is practically unchanged with the gas temperature. On the other hand, the higher net gain value for lower temperature results from both the higher population of Ar 2 (1 * ) and the larger stimulated emission cross section at the lower temperature.
Results and discussion

Positive net gain at λ = 126 nm
For the e-beam-pumped argon systems, the predicted net small signal gain values at λ = 126 nm are consistent with the data measured at the gas pressure in the range of 2-60 atm for two different gas temperature, T = 170 K and 300 K [1, 4, 6] . For the pulsed gas discharges [11] , the model prediction gives the net small signal gain of about 0.002 cm −1 , which is three times less than the value given in [11] . The discrepancy of the measured and calculated at the argon pressure of 4 atm and an input energy density of 5.2 meV/atom at an initial temperature of 300 K. The full triangles and the dashed curve, respectively, indicate the data measured and calculated with a fixed gas temperature by Neeser et al [14] . The full curve is the prediction of the present model. gain may arise from several factors. First, the use of LClump circuit to model a Blumlein transmission line used in [11] may not be entirely appropriate, because the Blumlein circuit time constant τ Blm is about 5 ns, comparable to the discharge time duration. Here τ Blm is the time required for an electromagnetic wave to travel a round trip for one wing in the line. Second, an uncertainty for the gain determination is caused by the influence of the fluorescence coming from the metastable triplet state Ar 2 (3 * ), whose contribution is difficult to be separated from that of the singlet state Ar 2 (1 * ).
Coefficient Y r of the rate constant for dimer formation reactions
A coefficient Y r accounting for the ionization of the plasma is introduced into the rate constants for the dimer formation reactions (reactions 5 and 6 in table 2) to describe the destruction of both the singlet state Ar 2 (1 * ) and the triplet state Ar 2 (3 * ) by collisions with electrons. According to Neeser et al [13] , the coefficient Y r is 3×10 4 . For a complete kinetic simulation the detailed e-beam waveform is needed, but only the e-beam duration of 20 ns is available [13] . W robel [6] Neeser [13, 14] 
N Ar ( 10 19 cm -3 ) Figure 7 . The calculated maximum net small signal gain (g − α) and absorption coefficient α at the initial gas temperatures of T g = 170 K (dotted and dot-dashed curves) and 300 K (full and dashed curves) against the argon atom number density. The open circles indicate the data at T g = 170 K [13, 14] . The full circles and squares, respectively, give the data measured by Neeser et al [13] and by Wrobel et al [6] at T g = 300 K. Neeser et al used a 1 MeV e-beam of 20 ns duration [13] . Wrobel et al used a 20 ns e-beam that deposited 50 J into 5 cm 3 [6] .
Different current waveforms of the e-beam entail different values of Y r even when the pulse duration and the deposition energy in the gas have been kept constant. In this work, the best fit between the theoretical and experimental results is obtained using Y r = 6 × 10 4 for the both discharge-and e-beam-pumped cases.
Absorption at λ = 120 nm
Photo-ionization of the species Ar(4p), Ar(4s), Ar 2 (1 * ) at λ = 120 nm has been calculated, but there are no experimental data for comparison. The cross sections for Ar(4p) and Ar(4s) are, respectively, 1 × 10 2 , respectively, for T g = 300 or 600 K at λ = 120 nm [38] . The cross section at λ = 126 nm should be less than that for λ = 120 nm. The calculated density for Ar + 2 is only of the order of 10 15 cm −3 . Thus the absorption caused by this process can be neglected compared to that by Ar 2 (3 * ). When accounting for Ar(4p), Ar(4s) and Ar 2 (1 * ) as the absorption species and using the calculated photo-ionization cross sections in the calculations, the absorption of the plasma at λ = 126 nm will be larger than the predicted gain, implying no optical amplification. This is in obvious conflict with the experimental results reported in [6, 11, 14] . Therefore in the model we only include photo-ionization of Ar 2 (3 * ) as the absorption species at λ = 126 nm, as was done by Wrobel et al [6] .
Summary
In summary, a comprehensive kinetic model useful for both electric-discharge-and e-beam-excited pure argon dimer Ar 2 (1 * ) kinetics has been developed. Important formation, absorption and radiation reactions are included.
The influences of the both the V-T relaxation and the temporal change of the gas temperature due to the pumping energy input on the rates of some processes have been incorporated in the kinetic code. For the Blumlein circuit-driven argon discharge device reported in [11] , electrical performances, fluorescence of selected species and absorption of the plasma have been studied by solving the self-consistent Boltzmann and kinetic codes. Good agreement has been achieved between the calculated and measured results for both discharge voltage and fluorescence output revolutions. For the net small signal gain, however, the calculated value is smaller by a factor of three than the measured net gain of 0.006 cm −1 reported in [11] . Further comparison for the kinetic model under the e-beam-pumped condition shows that there is a general consistency between the calculated results and the measured data for both fluorescence intensities of some excited states in the plasma and net small signal gain of the plasma over a wide pressure range (up to 50 atm) for two different initial temperatures (T = 170 and 300 K) [6, 14] .
